. In a culture preparation of Aplysia sensory tribute to plasticity. To directly test the functional role and motor neurons, a branch-specific form of protein of dendritic translation of calcium/calmodulin-depensynthesis-dependent long-term facilitation is induced dent protein kinase II␣ (CaMKII␣) in vivo, we mutated by repeated local application of 5-HT (Martin et al., the endogenous gene to disrupt the dendritic localiza-1997). However, none of these studies in model systems tion signal in the mRNA. In this mutant mouse, the have been able to address the functional significance protein-coding region of CaMKII␣ is intact, but mRNA of dendritic protein synthesis on behavior. Further, the is restricted to the soma. Removal of dendritic mRNA use of protein synthesis inhibitors does not resolve produced a dramatic reduction of CaMKII␣ in postsynwhich mRNA species are of particular importance for aptic densities (PSDs), a reduction in late-phase long-
2A and 2B
). In the hippocampus of the mutants, CaMKII␣ hybridization signal was absent in the stratum radiatum, stratum oriens, and stratum moleculare, while intense labeling remained over the CA1-CA3 pyramidal cell body layers and the dentate gyrus granule cell layer ( Figures 2D and 2E) . Even with prolonged overexposure, the hybridization signal in the neuropil regions did not rise significantly above background levels (data not shown), indicating that the disruption of dendritic mRNA targeting was complete. Semiquantitative autoradiography ( Figure 2F ) was used to measure the reduction of CaMKII␣ mRNA in the hippocampus of the mutants (48.1% Ϯ 3% of wild-type) and to verify the differential effect on hybridization signals in dendrites (1.4% Ϯ 1% of wild-type CA1 stratum radiatum) versus cell bodies (85.3% Ϯ 2.5% of wild-type CA1 stratum pyramidal). Thus, the mutant has a specific deletion of the dendritically localized pool of CaMKII␣ mRNA without a corresponding increase in somatic mRNA. The hybridization signal was also clearly reduced in the superficial neocortical layers, which are enriched in dendrites relative to the deeper layers, and the amygdala showed a modest 
Alteration of CaMKII␣ Protein Distribution
We examined CaMKII␣ protein levels to determine if (Mayford et al., 1996) . Therefore, we used targeted mutaelimination of dendritic translation would reduce CaMKII␣ genesis to mutate the CaMKII␣ 3ЈUTR without altering protein. Indeed, immunohistochemistry demonstrated a the protein-coding region of the gene or the 5ЈUTR. This large reduction in CaMKII␣ immunoreactivity in dendritic mutant displays a large reduction in CaMKII␣ levels in layers of the hippocampus ( Figures 3A and 3B ). HowPSDs and impairments in late-phase LTP and long-term ever, the dendritic labeling was not eliminated, indicatmemory.
ing that in addition to localization of CaMKII␣ protein through dendritic synthesis, CaMKII␣ translated from mRNA in the cell soma is transported into dendrites.
Results
We measured the degree of reduction in CaMKII␣ protein with quantitative immunoblots. Consistent with the Gene Targeting to Disrupt Dendritic CaMKII␣ mRNA Localization reduced mRNA, immunoblots of unfractionated homogenates prepared from hippocampus and cortex of 3ЈUTR Targeted mutagenesis was used to disrupt the CaMKII␣ 3ЈUTR (Figure 1 ), substituting sequences from the 3ЈUTR mutant mice contained 44% Ϯ 3.8% of the CaMKII␣ levels from wild-type mice ( Figure 3C ). CaMKII␣ is highly of bovine growth hormone mRNA, a message that is not dendritically localized but which contains an identical enriched in PSDs (Kennedy et al., 1983) , and these estimates of CaMKII␣ levels in unfractionated homogenates polyadenylation hexanucleotide as the endogenous CaMKII␣ gene. In situ hybridization showed strong reflected a greater reduction in dendritic CaMKII␣. PSD fractions from 3ЈUTR mutant mice contained only CaMKII␣ mRNA expression in the forebrain of wild-type and 3ЈUTR mutant mice but with a marked disruption 17.1% Ϯ 2.5% of the amount of CaMKII␣ in PSDs from wild-type mice ( Figure 3D ), indicating that local translain dendritic localization in the mutants. The disrupted localization was readily apparent even at low magnification is critical for supplying the bulk of CaMKII␣ to postsynaptic sites. There was no significant compensation tion in the hippocampal formation due to its distinct laminar separation between neuronal cell body layers for the reduction in CaMKII␣ by alteration in levels of CaMKII␤ in the mutants (Figures 3C and 3D) . The levels and neuropil regions containing few cell bodies (Figures of two other PSD proteins, GluR2 and PSD-95, were dendritic mRNA. In CA1 stratum radiatum, there was strong immunoreaction product in the cytoplasm of also unchanged ( Figure 3D) .
To verify the immunoblot results anatomically, immuspines and near or associated with the PSDs of wildtypes, while weaker, but significant, labeling with a siminolocalization with electron microscopy was used to qualitatively determine if low levels of CaMKII␣ protein lar distribution was evident in spines of the 3ЈUTR mutants ( Figures 3E and 3F ). These findings are consistent remain in postsynaptic spines even in the absence of with the immunoblots, indicating CaMKII␣ protein is loaltered between slices prepared from wild-type and 3ЈUTR mutant mice (3.8 Ϯ 0.4 versus 4.4 Ϯ 0.5, p Ͼ calized to dendrites by mechanisms in addition to local translation. In summary, the 3ЈUTR mutant mice have a 0.4; Figure 4A ). In addition, paired-pulse facilitation, a presynaptic form of short-term plasticity, was not signifideletion of dendritically localized CaMKII␣ mRNA and a corresponding deletion of the dendritic CaMKII␣ protein cantly altered in the mutant ( Figure 4B ). The effect of the 3ЈUTR mutation was examined on both an early that is derived from local dendritic translation.
form Hz bursts, 1 s in duration, 5 min inter-burst interval) of a hidden escape platform by learning the spatial relaproduces a long-lasting form of LTP that can be blocked tionships between distal visual cues in the room and by inhibiting translation with anisomycin (Frey et al., the location of the platform. Wild-type and mutant lit-1988). In slices from wild-type mice, this type of stimulatermates exhibited a normal reduction in latency to tion produced a large and persistent potentiation mount the escape platform during the acquisition phase (107% Ϯ 15% potentiation at 2.5 hr, Figure 4D) . A simi-( Figure 5A) . Spatial memory was then assessed in a larly large potentiation was initially produced in slices probe trial with the platform removed by measuring the from the 3ЈUTR mutants; however, the potentiation was amount of time spent searching the quadrant of the decremental, significantly diverging from that of wildmaze that previously held the platform. The 3ЈUTR mutype slices by 2.5 hr (67% Ϯ 15% potentiation, p Ͻ 0.05; tants were impaired in the probe trial, failing to search Figure 4D ). the target quadrant with a significant selectivity relative to the other quadrants ( Figure 5B ; ANOVA F 3,68 ϭ 2.1, p Ͼ 0.1). In contrast the wild-types had a highly selective Impaired Spatial Memory search strategy for the target quadrant (ANOVA F 3,64 ϭ The effect of the 3ЈUTR mutation on hippocampal-7.6, p Ͻ 0.001), spending more time searching in the dependent spatial memory was examined in the water target quadrant that previously held the platform than in maze (Morris et al., 1982) in which mice are released into a pool of cloudy water and must learn the location each of the other quadrants. Average proximity analysis (Gallagher et al., 1993), a more sensitive measure of given pairing of a tone to a mild foot-shock, and learning was subsequently evaluated as the amount of time spent search strategy than time in quadrant, also demonstrated that the wild-types, but not the 3ЈUTR mutants, freezing in response to presentation of either the same training chamber (contextual memory) or the same tone searched significantly closer to the exact platform location than to the equivalent location in the opposite quadpresented in a different testing apparatus (cued memory). Mutants did not differ from wild-types in the amount rant ( Figure 5C ; wild-type, p Ͻ 0.01 3ЈUTR mutant, p Ͼ 0.1). This probe trial deficit was not due to an alteration of freezing during the baseline period or the tone presentation, and they showed a normal increase in freezing in swimming ability or an increase in floating behavior as the wild-types and mutants swam a similar distance response during the immediate postshock period (Figure 5D) . When contextual memory was tested 30 min during the fixed interval of the probe trial (wild-types, 6.78 Ϯ 2.1 min versus mutants 6.84 Ϯ 3.3 min). Moreover, after training, mutants and wild-types displayed similar amounts of freezing; however, 24 hr after training, the the mutants exhibited normal acquisition of both the hidden platform ( Figure 5A ) and visible platform versions mutants froze less than the wild-types (p Ͻ 0.05). In the cued version of testing, both genotypes again froze (data not shown) of the task, further indicating that the mice have normal motor coordination, swimming ability, the same amount at 30 min, but the mutants froze less at 24 hr ( Figure 5D , p Ͻ 0.05). Thus, the initial memory motivation to escape the water, and visual acuity to perform the task.
trace for fear conditioning in the 3ЈUTR mutants appeared normal, but its consolidation into a long-term memory store was impaired. Performance in fear condiImpaired Associative Fear Conditioning We also examined the effect of the 3ЈUTR mutation on tioning could be affected by differences in shock perception, altered locomotor activity levels, or generalized contextual and cued fear conditioning, tasks more amenable than the water maze to experimental separation alterations in fear behavior. However, the current threshold to produce a flinch was the same for wild-types of short-and long-term phases of memory. Mice were (0.038 Ϯ 0.004 mA) and 3ЈUTR mutants (0.037 Ϯ 0.003 examined the temporal gradient of the memory deficit in object recognition memory, a nonspatial, hippocampalmA) as was the threshold to produce a run/jump response (0.120 Ϯ 0.008 mA in wild-types versus 0.124 Ϯ dependent task (Clark et al., 2000). The object recognition test takes advantage of the innate curiosity of ro-0.012 mA in mutants, p Ͼ 0.8). Measurement of locomotor activity in an open field also showed no difference dents to explore novel objects. In the training session, mice were exposed to an object and allowed to explore in distance traveled (wild-types 34.2 Ϯ 1.4 min versus mutants 35.6 Ϯ 1.4 min, p Ͼ 0.3). Thigmotaxis, an innate it; after a variable retention interval, the mice were exposed to the same object again, this time together with fear-related behavior, is the natural tendency of mice to stay near the perimeter of an open field, avoiding the a novel object. The relative preference in exploration time for the novel object over the familiar object is taken center area. Percentage of time spent in the center of the field was also unaltered in the mutants (wild-types, as an indicator of memory for the familiar object. The 3ЈUTR/BL6 mutants displayed normal performance at 8.1% Ϯ 1.3%, versus mutants, 6.4% Ϯ 0.7%, p Ͼ 0.3). These findings, and more significantly, the normal freez-1 hr; however at 24 hr, they had impaired object recognition memory, spending equal time exploring the novel ing response immediately after the shock and at 30 min, indicate that the deficits in performance at 24 hr were object and the object to which they were previously exposed ( Figure 6E , p Ͻ 0.05). not due to nonspecific motor or sensory alterations that might disrupt performance.
In general, the memory deficits appeared to be more severe in the homogeneous BL6 genetic background compared to the original 129/BL6 hybrid background.
Persistence of Behavioral Phenotype
In the water maze, the 3ЈUTR/BL6 mutants showed no in a Homogeneous Genetic Background tendency to search the target quadrant ( Figure 6B ), while As is customary in gene targeting studies, the initial the 129/BL6 mutants had a statistically insignificant characterization of the 3ЈUTR mutation was done on trend to do so ( Figure 5B ). The 24 hr fear conditioning an F2 129/BL6 hybrid genetic background. However, deficit also appeared to be greater in the 3ЈUTR/BL6 behavioral analysis of targeted mutants in a hybrid backmutant ( Figure 6D ) than in the 129/BL6 hybrid background is susceptible to potential confounds due to ground ( Figure 5D ). Preliminary results indicate that the genetic variability and potential allelic differences in phenotype severity was also different in the two genetic linked genes, which may affect behavior (as reviewed backgrounds following more intensive training protocols in Gerlai, 2001). For these reasons, the behavioral phe-(data not shown). 3ЈUTR/BL6 mutants were impaired notype of the 3ЈUTR mutation was also analyzed in a on the probe trial even following intensive water maze C57BL/6 (BL6) genetic background. the deletion made in the present study. Due to the diffialter translation; however, we found that the adult steady-state ratio of protein to RNA is not different in culty of extrapolating from culture to the in vivo situation, we initially chose to delete a large portion of the 3ЈUTR the mutants compared to wild-types (44% The autophosphorylation reaction could propagate in the newly synthesized holoenzyme even at resting calcium because of the saturation of PP1. In the 3ЈUTR mutant, the CaMKII translated and assembled in the soma will still be transported into spines, but the total pool of available CaMKII will be less than in wild-type. Following LTP induction, the existing CaMKII will be activated and translocate to the PSD. This autophosphorylated enzyme will phosphorylate the same substrates as in wild-type (including AMPA receptors); however, the activated state will decay more quickly than in wild-type because PP1 will not be saturated to the same degree and because no additional enzyme can be locally synthesized for immediate delivery to the PSD. Figures 3C and 3D), 6G9 (n ϭ 6-9, data not shown 
